Magnetic nanoparticles have attracted increasing interests from biomedical areas, such as hyperthermia[@b1], MRI contrast agent[@b2], magnetic separation[@b3] and 3D cell culturing[@b4]. Recently, receptor-conjugated magnetic nanoparticles can even be used to control the switching of cell death signalling both *in vitro* and *in vivo* by external magnetic field-induced aggregation[@b5]. All these biomedical applications actually depend upon the biological effects of magnetic nanoparticles. There were numerous publications on the relationship between the colloidal property and the biological effect. Influences of size, shape and surface chemistry of nanoparticles on biological system have been studied[@b6]. One common feature of nanomaterials is that the collective property depends upon the arrangement of individual units. Thus, the aggregating state should also be an important factor influencing the biological effect of magnetic nanoparticles, just like the case in Ref. [@b5].

Surprisingly, there are scarce reports on this issue. This is partly because magnetic nanoparticles are often used as "soluble factors" (somewhat like drugs) in many applications. In this case, the nanoparticles are highly stabilized and the distance between two nanoparticles is too far to generate magnetic energy coupling. Therefore, the biological effect caused by the aggregating state can be neglected. However, the arrangement or the alignment of elemental units will play a significant role in some other applications of magnetic nanoparticles, such as polymer/nanoparticles composite scaffold for tissue engineering[@b7], cell-ECM(extra-cellular matrix) interaction[@b8] and implantable devices *in vivo*[@b9]. These applications mainly utilize the effect of interface between nanoparticles and cells rather than the internalization of nanoparticles into cells. In current reports about these applications, the arrangement of magnetic nanoparticles is commonly random or amorphous. Thus, it is necessary to study the biological effect of interface between the cells and the ordered assemblies of magnetic nanoparticles. The application of magnetic nanoparticles will be deepened and enriched by this research.

On the other hand, the effect of interface between cells and ordered nanoparticulate assemblies is also promising for regulation of cellular behaviour. Currently, the cellular regulation by topography of culturing substrate is increasingly becoming a hot issue because of its great potential in controlling differentiation of stem cells[@b10][@b11]. The common method to fabricate micro- or nano-sized surface topography is to use lithography-based techniques. In fact, the assemblies of nanoparticles can have the similar scale with the lithographic-fabricated structures so that the ordered assemblies can also be used to regulate the cellular behaviours. Furthermore, the as-fabricated topographic surface is still the integer of crystal while the assemblies are the aggregates of nanoparticles. Considering the similarity of nanoparticles with protein molecules in dimension and property[@b12][@b13], the assemblies of nanoparticles may play a whole new role in the regulation of cellular fate. Especially, the stripe-like assemblies are morphologically somewhat like collagenous fibres, which are the main components of ECM(Extra-Cellular Matrix)[@b14]. Therefore, we think the stripe-like assemblies of nanoparticles should have an interesting biological effect. For example, it is still a challenging issue whether the coupling of energy between nanoparticles can contribute to the cellular behaviour. Theoretically, due to the very small size, the coupling of energy between nanoparticles will generate a highly local micro-field to significantly influence the close-contacted objects.

In this communication, we fabricated a topographical surface by assembling bare γ-Fe~2~O~3~ nanoparticles into stripe-like pattern on glass surface in the presence of an external magnetic field. Then the primary mouse bone marrow cells were cultured on this surface and the differentiation of cells was studied. The bone marrow cells have been reported to have the capability of differentiating into multi-typed cells, including osteoblasts, nerve cells, myocardial cells and so on. In addition, the bone marrow cell-based therapy has been employed to treat many diseases, such as luminal Crohn\'s disease[@b15], cardiac repair[@b16], spinal cord injury[@b17] and autologous bone transplantation[@b18]. Obviously, the primary bone marrow cell is a good model to study the interface effect of nanoparticulate assemblies both for fundamental research and clinic application. One novelty of our fabricated topological surfaces is that these surfaces have the same topography and elasticity but different magnetic interaction energy. It was discovered that the differential ability of primary bone marrow cells into osteoblasts was influenced by the magnetic coupling inside the assemblies of nanoparticles and the effect was positively dependent upon the field strength of external magnetic field during the assembly process. γ-Fe~2~O~3~ nanoparticles were used as building blocks because iron-oxide nanoparticles have been reported to possess protein-like property and capability of promoting bone growth[@b19][@b20]. The reason to employ magnetic field-induced assembly is that this method can easily lead to the formation of one-dimensional assemblies in large scale without addition of any other biological or chemical molecules. In our laboratory, we have the ability to assemble Fe~3~O~4~ or γ-Fe~2~O~3~ nanoparticles into a parallel stripe-like pattern on substrate in centimetre scale with good order and reproducibility. The surface of γ-Fe~2~O~3~ nanoparticles is bare, without any stabilizing agents, which is especially suitable for cell experiments because the inference of stabilizing molecules can be excluded.

Results
=======

The synthesized super-paramagnetic γ-Fe~2~O~3~ nanoparticles were stabilized by surface hydroxylation. The nanoparticles were magnetically separated and washed by ultra-pure water for several times to remove the chemicals in suspension before assembly. [Fig. 1a](#f1){ref-type="fig"} showed the amorphous aggregates of γ-Fe~2~O~3~ nanoparticles after natural drying (Inset is the TEM image of as-synthesized nanoparticles). The size distribution, the magnetic property and the ζ potential (pH = 7) were shown in [Supporting Information (Fig. S1)](#s1){ref-type="supplementary-material"}. Because there were no stabilizing agents, the nanoparticles formed clusters in suspension. Size of the clusters was about 228 nm so that they can easily be assembled into micro-sized structures in the presence of external magnetic field. The micro-scaled size of the assemblies is beneficial for research of the cellular effect because the size of cell is generally in the micro-scale. ζ potential measurement exhibited the surface of nanoparticles was positively charged (+24.3 mV).

To obtain the surface pattern with identical topography with different field strength, the magnetic nanoparticles should have high concentration and be assembled under a uniform magnetic field. Based on the force formula of one magnetic particle under magnetic field (, where *μ*~0~ is permeability of vacuum, *V~p~* is volume of magnetic particle, *x~p~* is susceptibility of magnetic particles and is magnetic flux density, respectively)[@b21], the magnetic nanoparticles will not be subjected to the force of an uniform magnetic field. Hence, the attractive force for assembly comes from the magnetic dipolar interaction between the magnetic nanoparticles. Due to the magnetization, the magnetic nanoparticles can be regarded as the magnetic dipoles, which moments are dependent upon the magnetization. If the dipoles are aligned unanimously in the presence of a magnetic field, the force of dipole-dipole interaction between two particles can be described as , where is magnetic moment of a magnetic particle and *d* is distance between two adjacent particles[@b22]. Thus, the assembled morphology was mainly determined by the magnetization of particles (particles here were actually the clusters of nanoparticles) and the concentration. Concentration is independent upon the external field and high concentration can guarantee *d* is small enough to generate dipolar interaction. will always keep constant under any external magnetic fields after the particles are magnetized into saturation. Therefore, the increase of field strength will have little influence on the assembled morphology.

Based on the configuration of our field generator, middle area of the field should be uniform because the size of cross-section is two folds over that of the gap. This can be seen from the simulation of field distribution ([Supporting Information, Fig. S2](#s1){ref-type="supplementary-material"}). The field strength was set at four values: 20 mT, 40 mT, 80 mT and 120 mT. Based on the magnetization curve, our magnetic nanoparticles have been magnetized to saturation under 10 mT field strength which was far below the minimal strength of magnetic field in our experiments. The colloidal concentration of every experimental sample was 0.1 mg/ml. The morphological characterization by SEM confirmed the above-mentioned analysis that the assembled patterns showed little difference among the samples under different field strength. A typical assembled pattern was shown in [Fig. 1b](#f1){ref-type="fig"} and the local magnification was shown in [Fig. 1c and d](#f1){ref-type="fig"}. It was seen that the stripe-like assemblies were approximately 20 μm wide and about 400 nm high. Interestingly, the assemblies showed better size distribution although the nanoparticles were polydispersed. The stripes were uniformly arranged on the whole surface in parallel with relatively high density. However, the stripes were not straight and continuous, which mainly resulted from the deformation induced by solvent evaporation. We took a video recording the process of deformation (data not shown in this paper). The stripes were formed in the solution straightly and uniformly but they were deformed when the water evaporated to dryness thoroughly.

Before the cell experiments, we also measured the elastic moduli and the hardness of the stripe-like assemblies on Si wafer because the influence of mechanic property of substrate on cellular fate has been extensively reported[@b23][@b24]. The measurement was carried out by nanoindentor on three different positions and the average value was calculated by the machine automatically. The results exhibited that the elastic moduli as well as the hardness of different samples, including the naturally-dried aggregates and the stripe-like assemblies induced by magnetic field of different strength were nearly identical ([Fig. 2a](#f2){ref-type="fig"}). Here, the thickness of nanoparticulate layer plays a dominant role. Because the thickness of nanoparticulate layer was just several hundreds of nanometers, the mechanic property measured by the machine as well as sensed by cells will mainly be that of the substrate[@b25]. In our experiments, it is the Si wafer. Actually, the standard elastic modulus of Si wafer with oxide layer is 140 GPa. Thus, the different influence on cells should not be attributed to the mechanic property of substrates. Besides, another phenomenon can partly confirm the independence of the cellular effect upon the surface topography. In addition to the bone marrow cell, NK (Natural Killer) cell and DC (Dendritic Cell) cell were also cultured on the assemblies. The difference between bone marrow cell and DC cell or NK cell is that the former is anchorage-dependent cell while the latter is non-adherent cell. During the process of culturing, the DC cells or the NK cells will not adhere to the assemblies but will adsorp on the assemblies like gas bubbles. Thus, the surface topography should hardly influence the non-adherent cells. Nevertheless, we discovered the DC cells or the NK cells were truly influenced by the assemblies (the immunological function was enhanced) and the influence was relative with the field strength in assembly process. Therefore, it was thought that the influence should arise from other factors rather than the surface topography.

Although the morphology of colloidal assemblies showed little variety with increase of the field strength during the assembly process, the energy inside the assemblies was different. In the presence of magnetic field, the energy of magnetic dipole can be written as , where is magnetic moment of dipole and is magnetic flux density. As above mentioned, is same for every sample after magnetization into saturation. The assemblies of nanoparticles can be regarded as one total dipole which was comprised of numerous particulate dipoles due to the magnetic coupling. Thus, the total magnetic energy of assemblies is reduced with the increase of external field strength. This also means the structure assembled under the high magnetic field is more stable than that assembled under the low field. During the process of magnetic-directed assembly, the magnetic moments of nanoparticles were also aligned unanimously. After the external magnetic field was removed, thermal fluctuation will make the moments of magnetic nanoparticles into disordered state again. If there is no magnetic dipolar coupling, the magnetic moments of nanoparticles should restore to the totally disordered state and the magnetic moments with counteract with each other. This means the assemblies will exhibit no net magnetic moments. Since that the surfaces of magnetic nanoparticles were bare and contacted closely, the magnetic moments were incapable of restoring to the disordered state thoroughly due to the magnetic dipolar interaction and the surface pinning effect[@b26][@b27]. These remnant magnetic moments caused emergence of so-called remanence. Obviously, the assembled structure with higher stability will have the stronger remanence because the assemblies of higher stability have the stronger capability of resisting this magnetic reversal. We used FMR (FerroMagnetic Resonance) to prove this point because narrowing of FMR peak indicates magnetic dipolar interaction inside sample[@b28]. The FMR curves of different samples were shown in [Fig. 2b](#f2){ref-type="fig"} (the magnetic field of FMR measurement was perpendicular to the assemblies). It was exhibited that the resonance peak of assembled samples was much smaller than that of the natural-dried sample and the narrowing of FMR peaks was negatively dependent upon the field strength of assembly. This case demonstrated that there was the strong remnant dipolar interaction inside the assemblies after the field-directed assembly of nanoparticles. To verify the emergence of remanence, the magnetic hysteresis curve of the colloidal assemblies was measured by VSM (Vibrating Sample Magnetometer). The magnetic nanoparticles were assembled in a polyacrylamide solution to get high volume of magnetic nanoparticles. With the process of assembly, the solution gradually translated into the hrdrogel and the colloidal assemblies were fixed inside. Then the hrdrogel was sent for measurement. The magnetic hysteresis curves of four samples were measured, which were the natural aggregates, the assemblies under 20 mT, 40 mT and 80 mT, respectively ([Supporting Information, Fig. S3](#s1){ref-type="supplementary-material"}. Due to the heating of electromagnet, the hydrogel formed under 120 mT field was too bad to get the magnetic hysteresis curve). Seen from the curves, there is an obvious transition that the contour area of hysteresis curve becomes larger, which means the collective magnetic property of nanoparticles turns from super-paramagnetism into ferromagnetism. The intercept of y axis indicates the magnitude of remanence. An important fact here is that the magnetic coupling is anisotropic. Along the parallel direction, the magnetic interaction is significantly enhanced with the increase of field intensity during the assembly process while the tendency along the perpendicular direction is unobvious. This anisotropy is accordant with the direction of magnetic field in assembly.

The emergence of remanence is very important for the interface effect between the assemblies and the close-contacted cells. Here, one stripe of assemblies can be considered as a small magnet. The remanence will generate a gradient magnetic field at the defects of the stripes (such as discontinuity). Because the size of defects was very small, the magnetic force produced by the gradient field can be high enough to influence the micro-environment of cells. This mechanism has been reported to get used to assemble multi-segmented nanowires[@b29]. Here, the bare surface of nanoparticles is a vital factor for the emergence of remanence because the bare surface can generate strongest dipolar coupling. If the magnetic nanoparticles were capped by a thick stabilizing layer, the energy coupling between nanoparticles will be too weak to overcome the thermal fluctuation. In this case, the magnetic moments will thoroughly restore to the disordered state when the external field was removed. We also measured the FMR spectrum of DMSA-capped γ-Fe~2~O~3~ nanoparticles which was proved to have the thicker capping layer and the high stability in solution[@b30]. The result showed that the FMR spectra of the naturally-dried sample and the field-assembled sample had little difference ([Supporting Information, Fig. S4](#s1){ref-type="supplementary-material"}).

With the assembly by magnetic field, the magnetic nanoparticles can be assembled well on several substrates including silicon, glass and plasma-treated PLA. We had carried out some preliminary experiments on these substrates with 3T3 cell line. It was observed that the cells showed a nearly same behaviour in spite of culturing on different substrates. Therefore, it was thought the cellular behaviour should be mainly affected by the assemblies of nanoparticles rather than the substrates. Then the primary mouse bone marrow cells were cultured on the glass/assemblies surfaces for ease of observation. The cellular viability was measured by a flow cytometry and the cells on three plates were collected for measurement. The result showed that the glass/assemblies surface was well biocompatible for the cells and the presence of γ-Fe~2~O~3~ nanoparticles can even promote the viability of bone marrow cells on glass substrate ([Supporting Information, Fig. S5](#s1){ref-type="supplementary-material"}). It was seen that the natural-aggregates of nanoparticles on glass showed the worst biocompatibility. The cellular viability was only 67.03%, even below that of bare glass, which was 77.15%. However, the stripe-like assemblies showed a much better biocompatibility. The minimal viability was 86.09% and the maximal viability can reach 96.85%, better than that of the natural aggregates about 1.44 folds. This difference can be explained by the case that the assemblies can play a role of the sites for cell adhesion. In our preliminary experiments, it was observed that the cells preferred to adhere to the stripe-like assemblies of γ-Fe~2~O~3~ nanoparticles ([Supporting Information, Fig. S6](#s1){ref-type="supplementary-material"}). The same phenomenon was not observed for the natural aggregates.

The optical image of cellular colony formation on the stripe-like assemblies (under 20 mT field strength) after 6 days culturing was shown in [Fig. 3a](#f3){ref-type="fig"}, seen from which the cells spread out well and aggregated together closely. This means the cells start to differentiate. Here it should be mentioned that the inducing agents were also added during the cell culturing. Actually the cells were induced to differentiate by association of inducing agents and the assemblies. Then the differentiation of primary bone marrow cells were measured by ALP (Alkaline Phosphatase) staining. ALP is a common indicator of differentiation into osteoblast. The area and the thickness of colour denote the degree of cellular differentiation. Here the commercial culturing plate and the bare glass plate were used as control. The staining patterns were shown in [Fig. 3b](#f3){ref-type="fig"} and western blotting technique was also used for confirmation ([Supporting Information, Fig. S7](#s1){ref-type="supplementary-material"}). The results from these two techniques matched well. The thickness of western blotting bands exhibited the same tendency as the result of staining. An interesting phenomenon was that the cells culturing on the stripe-like assemblies exhibited more differentiation than those culturing on the amorphous aggregates of γ-Fe~2~O~3~ nanoparticles. Moreover, the assemblies induced by the higher field have stronger capability of enhancing the differentiation of bone marrow cells. This phenomenon was reproducible and we measured the mRNA expression of osteocalcin and ALP by quantitative PCR to further confirm the result on protein level (All q-PCR original files can be find in [Supplementary Materials](#s1){ref-type="supplementary-material"}). Here, osteocalcin, same as ALP, is also a specific biomarker for osteoblasts differentiation and maturation. The q-PCR results were shown in [Fig. 3c](#f3){ref-type="fig"}, which also exhibited the promotion of cellular differentiation and the dependence upon the field strength of assembly. The linear correlation coefficients between the width of FMR peak and the values of q-PCR were calculated. The width of FMR was defined as the peak width at half height and all the FMR peaks were normalized. Here it should be mentioned that the width of FMR peak can reflect the magnetic coupling but it is not the direct quantitative indicator of the magnetic interaction. The linear correlation coefficient between the width of FMR peak and the ALP expression was 0.60168 while the linear correlation coefficient between the width of FMR peak and the osteocalcin expression was 0.66545. This result explained that the enhancement of differentiation to osteoblasts is truly correlative with the magnetic coupling between magnetic nanoparticles. Also, it seemed the magnetic effect of colloidal assemblies on osteocalcin is more than that on ALP. The increments of q-PCR value for four samples of assemblies were 0.28799, 2.3975 and 1.00732, respectively. The ratios of increase were 1.8 folds, 5.4 folds and 0.35 fold, respectively. Therefore, although the mRNA expression value of assemblies sample under 120 mT was highest, the maximal increment of mRNA expression value was caused by the assemblies sample under 80 mT.

To preliminarily study the signal pathway, the mRNA expression as well as the protein expression of BMP-2 (Bone Formation Protein) and *Runx2* were also measured by quantitative PCR and western blotting, respectively. BMP-2 is an important regulation protein to induce the differentiation of osteoblasts and enhance the formation of bone. *Runx2* is a critical transcription factor for osteoblasts formation and *Runx2* is the downstream of BMP-2. The q-PCR and the western blotting results also exhibited a positive dependence upon the field strength of assembly ([Fig. 3d, e](#f3){ref-type="fig"}). Therefore, it was supposed that the increased expression of BMP-2 caused the up-regulation of *Runx2* which resulted in the enhancement of cellular differentiation. Likewise, the linear correlative coefficients between the magnetic coupling and expression of BMP-2 and *Runx2* were also calculated. The results were 0.54053 and 0.43417, respectively. It was showed the magnetic effect of colloidal assemblies can affect the signal pathway. However, the correlation seemed not to be so strong. This may be due to the complex cascaded signal pathways of cellular differentiation toward osteoblasts. BMP2-Runx2 is just one common signal pathway but the local micro-magnetic field from the assemblies of magnetic nanoparticles may affect the bone marrow cells via other known or unknown pathways. It has been beyond the category of this paper to well define the molecular mechanism. Here, the cells were thought to be affected by the local micro-magnetic field from the assemblies of magnetic nanoparticles. The cells were actually subjected to two effects. One was the assemblies of nanoparticles. The other was the local magnetic field. Hence, the real mechanism may be totally novel and very complex. For example, we observed that the cytoskeleton of some cells was elongated and re-arranged to the edge by the assemblies ([Supporting Information, Figure S8](#s1){ref-type="supplementary-material"}). It will be our next goal to discover the real molecular mechanism of colloidal assemblies --mediated magnetic effect on primary bone marrow cells.

Discussion
==========

As the above mentioned analysis, the remanence here was considered to play an important role. Here, the remanence makes the assemblies somewhat like micro magnets. Then the cells will be subjected to the highly local magnetic field. It has been reported that the presence of external field, such as electric field, static magnetic field and extremely low-frequency electromagnetic field can influence the differentiation of stem cells[@b31][@b32][@b33]. We thought there may be a similar mechanism here. It is the local magnetic field arising from the colloidal assemblies to affect the cells.

Because the magnetic field induced by the remanence is highly localized, it is hard to measure the influence of this field directly. However, we can indirectly prove the role of the magnetization of assemblies in the cellular differentiation. Firstly, if the hypothesis is right, the effect of colloidal assemblies on the cells should be identical with that of the natural aggregates provided that the assemblies of magnetic nanoparticles are all de-magnetized. Demagnetization means the influence of remanence is excluded. It is well known that high temperature can demagnetize magnetic materials. Therefore, the samples, including the assemblies and the natural aggregates were treated under 120°C for over 8 hours. This temperature will not change the assembled morphology of γ-Fe~2~O~3~ nanoparticles. Then the primary mouse bone marrow cells were cultured on these surfaces. The ALP staining results confirmed our supposition (See [Fig. 3f](#f3){ref-type="fig"}). After the treatment of demagnetization, the assemblies under different field intensities showed the nearly same influence as that of the natural aggregates on the cells, which partly verified the above-observed phenomenon resulted from the effect of remanence. On the other hand, the cellular differentiation will also become identical if the magnetization of nanoparticulate assemblies was same. This means the difference of magnetic dipolar interactions is neglected. This point can be realized by culturing the primary mouse bone marrow cells in the presence of a strong external magnetic field perpendicular to the assemblies. In this case, the assemblies will be magnetized along the perpendicular direction. Because the external magnetic field is much stronger than the remanence, the influence of the remanence on the magnetization can be neglected. In our experiments, the magnetic field was generated by a cylindrical permanent magnet and perpendicular to the glass plate. The magnetic field was actually distributed with gradient and the strength at cell position was about 150 mT. The ALP staining result was shown in [Fig. 3g](#f3){ref-type="fig"}, seen from which the magnetostatic field promoted the differentiation of cells culturing on the commercial cell plate as well as on the bare glass plate but the differentiation of cells culturing on the γ-Fe~2~O~3~ nanoparticles was prohibited, including the amorphous aggregates and the stripe-like assemblies. For the amorphous aggregates and the stripe-like assemblies of γ-Fe~2~O~3~ nanoparticles, the staining pattern was the discrete dots and exhibited little difference among the samples. The result can prove the above-proposed hypothesis. Firstly, the magnetic field seemed conductive to the differentiation of primary mouse bone marrow cells, which can explain the promotion of remanence to the cellular differentiation. Secondly, the assimilation of staining patterns for cells culturing on different assembled samples indicated that the cellular differentiation was indeed regulated by the magnetization of the assemblies. If the assemblies fabricated under the different field strength were magnetized into the same state, the influence of different assemblies on cellular differentiation was also same. About this point, we will make an analysis in detail as the following.

In the presence of a strong external magnetostatic field, the cells were mainly influenced by effect of the external field rather than the remanence. However, the magnetic nanoparticles layer, including the amorphous aggregates and the stripe-like assemblies, can modulate the external magnetic field. For the cells culturing on the surface of glass/γ-Fe~2~O~3~ nanoparticles, the layer of magnetic nanoparticles actually played a 'shielding\' role. For the closely-contacted magnetic nanoparticles, the assemblies can be regarded as the continuous magnetic medium. When the continuous magnetic medium was magnetized under the perpendicular magnetic field, the magnetic flux was restricted into the medium rather than dissipated in the free space. The field distribution of three cases, including the remanence at the gap of assemblies, the perpendicular external field in the absence of the colloidal assemblies and the perpendicular external field at the gap of assemblies were schematically shown in [Fig. 4](#f4){ref-type="fig"} where the assemblies of nanoparticles were regarded as the continuous magnetic medium. Obviously, the field strength on cells was weakened due to the restriction of magnetic flux. Only at the discontinuous positions of magnetic aggregates or assemblies, there was the drained magnetic field that can influence the cellular differentiation nearby. Thus, the staining pattern for cells culturing on aggregates and assemblies was the discrete dots. For stripe-like assemblies of magnetic nanoparticles induced by the different field strength, the modulation of external field was same due to the identical morphology so that the staining patterns for different samples exhibited no difference. From this experiment, the dependence of cellular differentiation upon the magnetic energy was confirmed.

Finally, we did prussian blue staining to check whether the influence came from the Fe uptake. The result was shown in [Supporting Information (Fig. S9)](#s1){ref-type="supplementary-material"}. Seen from the images, the cells cultured on the aggregated nanoparticles exhibited very tiny Fe uptake compared with those cultured on the bare glass plate and the commercial culturing plate. Interestingly, the Fe uptake of cells cultured on the stripe-like assemblies was even less than that of cells cultured on the naturally-dried aggregates, which may result from the higher stability of the assemblies. We also utilized q-PCR to measure the MRNA expression of lactoferrin for quantitatively study the nanoparticle uptake because lactoferrin can be over-expressed to regulate the Fe ions if there are extra-Fe coming into cells. The result was shown in [Supporting Information (Fig. S10)](#s1){ref-type="supplementary-material"}, seen from which the cells cultured on the assemblies had the less Fe uptake than those cultured on the aggregates. Actually, the assembled nanoparticles were also noticed to be more stable in our daily experimental operations. Anyway, the difference of cellular differentiation is not caused by the nanoparticles uptake.

We also did Von Kossa staining to observe the formation of calcium nodules after culturing the cells for over 30days. This experiment is to check the osteogenesis capability of the primary cells. However, although the magnetic nanoparticles can enhance the differentiation of primary bone marrow cells, the osteogenesis result was not good. The poor capability of long-term culturing of cells can account for this case. The substrate of colloidal assemblies is bare glass without modification of any biologically-active components. It has been known the bare glass is not a good biomaterial *in vivo*. Also, just as our data in cellular viability experiment, bare surface of glass is not well biocompatible, especially for primary cells. In our laboratory, it was observed there were many cells shed from the substrate after 20 days culturing. Thus, the osteogenesis was prohibited. To take advantage of magnetic nanoparticles in clinic bone repair, it must be noticed that the nanoparticles should be integrated with well-biocompatible materials and can keep cells long-term culturing.

In conclusion, a novel phenomenon was discovered that the magnetic energy inside the assemblies of magnetic nanoparticles can enhance the differentiation of primary mouse bone marrow cells culturing on the assemblies into osteoblasts. The mechanism may lie in the influence on cells of high gradient magnetic field which arose from the remnant magnetic interaction inside the assemblies at the positions of continuity broken. The emergence of remnant magnetic interaction inside assemblies was the specific feature of magnetic field-directed assembly of nanoparticles because only this assembly can lead to the unanimous alignment of magnetic moments accompanied with the formation of stripes. Due to the different stability of assembled structures, the relaxation (restore the disordered state) of magnetic moments was also different after the external field was removed. With the increasing interests in research of cellular regulation, such as the controlled differentiation of stem cells and induced pluripotent stem cells, the biophysical factors besides cytokine, get more and more attentions. Our results about the cellular regulation with nanoparticles-mediated magnetic effect will be favourable for the intensive investigation and extensive application of stem cell technology.

Methods
=======

Synthesis of bare γ-Fe~2~O~3~ nanoparticles: the 25% (w/w) N(CH~3~)~4~OH was slowly added into the mixture of Fe^2+^ and Fe^3+^ (molar ratio is 1:2) until the pH reached 13. Then the reaction continued for 1 h to obtain the black colloidal particles (Fe~3~O~4~). Then the air was pumped into the reaction system under the 95°C water bathing after the pH was adjusted to 3. Finally, the reaction system was kept for 3 h to oxidize Fe~3~O~4~ colloidal particles into γ-Fe~2~O~3~ nanoparticles. During the whole reaction, the vigorous stirring was needed.

Assembly of nanoparticles: the synthesized nanoparticles were purified by centrifugal separation and magnetic separation for several times until pH = 7. Then a drop of 60 μl colloidal suspension was put on the substrate. For SEM characterization, the substrate was Si wafer (1 cm × 1 cm) and for cellular experiments, the substrate was the rounded glass plate. Both the two substrate were cleaned by the boiling mixture of H~2~O~2~/H~2~SO~4~ (volume ratio: 1:3). The magnetic field was generated by a 'C\'-shaped solenoid and the field strength can be changed by tuning the excitation current. The cross-section was 4 × 4 cm^2^ and the gap was 2 cm. The Si wafer or the glass plate was on the middle of the gap so that the field was uniform at this position. During the assembly, the field was parallel to the substrate and was present until the colloidal suspension was dried thoroughly.

Mouse bone marrow cell extraction: several C57/B6 mice were killed and were dipped in 70% ethanol for tens of seconds. Then the femur and tibia were cut and put in 5 ml α-MEM medium. The skin and muscle were removed and the both ends of bones were cut down. A 25G needle was used to flash the bone marrow out into the α-MEM medium. Then the medium containing the bone marrow was transferred to a 15 ml tube for centrifugal separation with 2000rpm for 5 min. the pellets were resuspended in the cell culture medium (α-MEM with 15% FBS and 1% Penicillin-Striptomyxin) after aspirating the supernatant. Before the culturing, the cells were counted and adjusted to a suitable concentration for cell seeding. The detailed operation can refer to Ref. [@b34]. This experiment was performed in accordance with the relevant regulations and the experimental qualification was approved by Southeast University and Chinese government (Department of Science and Technology of Jiangsu province).

Culturing of primary mouse bone marrow cells: the extracted bone marrow cells were cultured in 24-well plate with 3 wells as one group. The size of one well is just 1.5 cm so that the rounded glass plate with assemblies of nanoparticles can be just put into the well. The culturing medium was the α-MEM medium containing 15% fetal bovine serum and 1% Penicillin-Striptomyxin. The ascorbic acid-2-phosphate (1 mM) was added into the culturing medium to initiate differentiation. The culturing medium was changed every 3 days. After culturing for about 10 days, multi-cellular fibroblastoid colonies (or CFU-fs) can be observed. These colonies were stained to check expression of alkaline phosphatase by using a reagent kit (bought from Sigma Co.).
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![Morphology of γ-Fe~2~O~3~ nanoparticles.\
(a), amorphous aggregates of γ-Fe~2~O~3~ nanoparticles after natural drying on Si wafer. Inset: TEM image of synthesized nanoparticles. (b), stripe-like assemblies of γ-Fe~2~O~3~ nanoparticles induced by magnetic field on Si wafer. (c), local magnification of (b). (d), the magnified cross-section image of (b).](srep05125-f1){#f1}

![characterization of mechanic and magnetic property of Glass/assemblies surface.\
(a), elastic moduli measured by nanoindentor. (b), FMR spectra.](srep05125-f2){#f2}

![Differentiation of primary mouse bone marrow cells.\
(a), optical observation of colony formation of cells cultured on the assemblies. Magnification: ×5. (b), ALP staining of cells cultured on the different substrates. From the left to the right: commerical culturing plate, bare glass plate, the naturally-dried aggregates, the stripe-like assemblies fabricated by 20 mT field, the stripe-like assemblies fabricated by 40 mT field, the stripe-like assemblies fabricated by 80 mT field, the stripe-like assemblies fabricated by 120 mT field. (c) and (d), mRNA expression of ALP/Osteocalcin and BMP-2/*RUNX2* of cells on different substrates, respectively. Here Cur-plate means the commercial culturing plate for cells. N-glass means the bare glass plate. Nat-agg means the naturally-dried aggregates of nanoparticles. Ass-20, Ass-40, Ass-80 and Ass-120 mean the stripe-like assemblies fabricated under the 20 mT, 40 mT, 80 mT and 120 mT field strength, respectively. \*p\<0.05 (calculated between two samples) (e), Western Blotting measurement of ALP expression. From the left to the right: commerical culturing plate, bare glass plate, the naturally-dried aggregates, the stripe-like assemblies fabricated by 20 mT field, the stripe-like assemblies fabricated by 40 mT field, the stripe-like assemblies fabricated by 80 mT field, the stripe-like assemblies fabricated by 120 mT field. (f), ALP staining of cells cultured on the different substrates after thermal treatment for over 8 hours. From the left to the right: commerical culturing plate, bare glass plate, the naturally-dried aggregates, the stripe-like assemblies fabricated by 20 mT field, the stripe-like assemblies fabricated by 40 mT field, the stripe-like assemblies fabricated by 80 mT field, the stripe-like assemblies fabricated by 120 mT field. (g), ALP staining of cells cultured on the different substrates in the presence of magnetic field. From the left to the right: commerical culturing plate, bare glass plate, the naturally-dried aggregates, the stripe-like assemblies fabricated by 20 mT field, the stripe-like assemblies fabricated by 40 mT field, the stripe-like assemblies fabricated by 80 mT field, the stripe-like assemblies fabricated by 120 mT field.](srep05125-f3){#f3}

![Schematic show of three cases of field distribution in our experiments.\
(a), the restriction of magnetic flux at the gap of magnetic assemblies in the presence of the perpendicular external magnetic field. (b), the magnetic flux without magnetic assemblies in the presence of the perpendicular external magnetic field. (c), the remanence-induced magnetic flux at the gap of stripe-like assemblies in the absence of the external magnetic field.](srep05125-f4){#f4}
